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Introduction
Osteoporosis is an emerging medical and socioeconomic threat worldwide [1] . Nutrition is one of several important modifiable factors for optimal bone health and prevention of osteoporosis [2] . Despite that previous studies mainly focused on the roles of calcium, vitamin D, protein, and dairy and soya products, increasing evidence suggests a positive association between fruit and vegetable (FV) components and bone health [2] [3] [4] . These components include potassium, manganese, vitamin B complex, vitamins C, E, and K, and phytochemicals (e.g., carotenoids) [4] .
Several epidemiological studies have investigated the association between FV intake and bone health. Most observational studies have found that greater intake of FV is associated with an increase in bone mass and decreases in bone loss and fracture risk [5] [6] [7] [8] [9] [10] [11] . An intake below the recommended five servings/day of FV confers higher rates of hip fracture in a Swedish cohort study of 40,644 men and 34,947 women after 14 years follow-up [5] . Similar favorable association between FV intake and hip fracture was also found in a prospective European cohort of 48,814 men and 139,981 women [9] . However, conflicting results were found in other studies [12] [13] [14] A randomized controlled trial of 276 healthy postmenopausal women showed that supplementation with 300 g of FV per day for 2 years did not significantly and persistently reduce bone turnover or increase bone mineral density (BMD) [13] . In addition, most of these studies were performed in Western countries and mainly focused on postmenopausal women.
The typical Chinese diet is plant-based and thus differs from those of many Western populations. A Chinese national survey showed a higher intake of FV (320 g/d) in Chinese subjects than in American subjects (about 256 g/d for men and 280g/d for women) [15] . The prevalence of osteoporosis among Chinese subjects remains low compared to that in Caucasian populations, but less evidence on the role of FV in bone health is developed from Chinese populations [6, 7] ; therefore, it remains uncertain whether a higher intake of FV is associated with better bone health in Chinese subjects. Although the prevalence of osteoporosis is approximately 50% lower in men than women, a higher mortality rate was observed in men after osteoporotic fracture [16] . However, research in men was less sufficient. Determination of the role of FV intake in bone health in aging men and women is clearly an important objective that has implications for the establishment of nutritional guidelines for the management of osteoporosis. This study was performed to examine the association between FV intake and BMD and osteoporosis risk in middle-aged and elderly Chinese men and women.
Materials and Methods

Study participants
This cross-sectional study was based on the Guangzhou Nutrition and Health Study (GNHS), a community-based prospective cohort study designed to investigate the nutritional determinants of cardiometabolic outcomes and osteoporosis. The participants' criteria and the recruitment procedure for this study have been described in detail elsewhere [17] . Briefly, 3169 apparently healthy participants aged 40 to 75 years were enrolled at baseline and completed a detailed questionnaire survey (diet and covariates) between 2008 and 2010 in Guangzhou, China. A total of 2520 (79.5%) participated in the first follow-up and completed the same questionnaire and additional BMD measurements between 2011 and 2013. In 2013, 879 new participants were recruited in the same manner, and completed the same questionnaire and BMD measurements. We excluded those with the following conditions: (1) a confirmed history of parathyroid and thyroid disorder, diabetes, fractures, malignancy, cardiovascular disease, and other chronic diseases (257 participants), (2) missing dietary data or BMD data (40 participants), and (3) without a reasonable range of energy intake(500-4000 kcal/d for men, 500-3500 kcal/d for women [18, 19] ) (13 participants). Finally, 3089 participants who completed at least one dietary survey and the BMD tests were included in analyzing the cross-sectional association between dietary FV intake and BMD/osteoporosis (S1 Fig). Average dietary data were used for the analysis for those with twice dietary assessments. The study was approved by Sun Yat-Sen University's School of Public Health Ethics Committee, and was conducted according to the Declaration of Helsinki. Written informed consent was obtained from all participants.
General data collection
Face-to-face interviews conducted by trained interviewers based on a structured questionnaire were used to collect data on sociodemographic characteristics, lifestyle factors, habitual dietary intake, calcium and multivitamin supplement use, years since menopause (for women), medical history, medications, and physical activity (including activities at and after work, exercise, and others) [20] . The metabolic equivalent for task (MET) hours per day (excluding sleeping and sitting) was calculated on the basis of a 19-item questionnaire for physical activity [21] .
Dietary assessment. A validated 79-item quantitative food frequency questionnaire (FFQ) was used to assess habitual dietary intake [22] . For each food item, five possible frequencies (never, per year, per month, per week, and per day) and one quantitative response (average amounts) were available. For seasonal foods, participants were asked to report how many months of the year they consumed each item. The reference period was the year before the interview. Daily intakes were calculated according to the 2002 China Food Composition [23] . Food photographs were provided as visual aids to help participants recall portion sizes. The validity was assessed by using correlation coefficients between the FFQ and six 3-day dietary records (0.37 for vegetables and 0.56 for fruit) [22] . For the followed up subjects, average values of dietary intake at both baseline and follow-up were used to better estimate their long-term intake. For the new participants, only once dietary data was collected and available for further analyses.
The FV groups or items listed on the FFQ have been described previously [24] . More specifically, the fruit groups or items included 1) citrus fruit; 2) apples, pears, peaches, pineapples, and plums; 3) bananas; 4) grapes; 5) lychee and longan; 6) mangoes and persimmons; 7) papaya; 8) cantaloupes, watermelons, and other muskmelons; 9) durian; and 10) other fruit. The vegetable groups or items included 1) fresh beans; 2) dark green leafy vegetables; 3) light green leafy vegetables; 4) onion and garlic; 5) turnips, eggplant, and melon vegetables; 6) tomatoes; 7) peppers; 8) carrots; 9) starchy tubers (e.g., yams, potatoes, lotus root, etc.,); 10) fresh corn; 11) pickles; and 12) mushrooms and fungi. Starchy and pickled vegetables were excluded from the vegetable intake calculation. We classified FV into six vegetable subgroups and six fruit subgroups (S1 Table) on the basis of the similarity of their nutrient composition.
Anthropometric and BMD measurements. The participants' height and weight were measured to the nearest 0.1 cm and 0.1 kg, respectively, in light clothing and no shoes. The body mass index (BMI, in kg/m 2 ) was calculated. Dual-energy X-ray absorptiometry (Discovery W; Hologic Inc., Waltham, MA, USA) was used to measure the BMD (g/cm 2 ) of the whole body (WB), the lumbar spine (LS, L1-L4), the total hip (TH), and the femur neck (FN) [17] . The in vivo coefficients of variation of the measurements in 30 participants after repositioning were 0.87%, 1.02%, 1.92%, and 1.18%, at the four bone sites, respectively. The longterm coefficient of variation was 0.26% as calculated by testing the phantom daily between March 2011 and May 2015. Osteoporosis is defined as a T-score of less than −2.5 according to the reference values of 30-year-old white women from the dual-energy X-ray absorptiometer manufacturer's reference database for the LS [25] and those of 20-to 29-year-old non-Hispanic white women from NHANES III for the hip [26] .
Statistical analysis
All data were entered twice using Epidata 3.1. The missing values (n, %) were replaced by the means or mode of the participants for the following variables: BMI (1, 0.03%), education level (12, 0.39%), marital status (1, 0.03%), income (7, 0.23%); years since menopause (set at 0 for men, 14, 0.45% for women), estrogen use (set as no for men, 15, 0.49% for women), antiosteoporosis drug use (15, 0.49%); calcium supplement use (2, 0.06%), multivitamin supplement use (3, 0.10%), passive smoking (3, 0.10%), tea consumption (2, 0.06%), and alcohol consumption (1, 0.03%). Box-Cox [27] , logarithmic or square root transformation was used for dietary intake to achieve an approximately normal distribution as appropriate. The dietary intake (g/day) of fruit, vegetables, calcium (excluding calcium from FV), and protein were adjusted for total energy intake using the residual method after the transformation [28] . [FN] ) that were at least 3 SD away from the sex-specific mean with the next-most-extreme value.
The subjects were classified into sex-specific tertiles by energy-adjusted FV intake and their total values. One-way analysis of variance (ANOVA) and analyses of covariance (ANCOVA) were used to compare the mean BMD difference among the tertiles. In ANCOVA we adjusted for age; sex; BMI; education level; marital status; income; years since menopause (set at 0 for men); estrogen use (set as no for men); antiosteoporosis drug use; dietary intake of energy, protein, and calcium; calcium and multivitamin supplement use; smoking; passive smoking; tea and alcohol consumption; and physical activity (in MET, hour/day). Pairwise comparisons were made with the Bonferroni method. Linear trend was also tested for the intake tertiles and BMD. To examine the possible different associations between specific FV categories and BMD, ANCOVA was also conducted for different FV subgroups.
Logistic regression analyses were used to test the independent association of FV levels with the occurrence of osteoporosis after controlling for the covariates as mentioned in ANCOVA, and the bottom tertile (T1) was defined as the reference group. To test for linear trends, the ordinal values for the categories of dietary intake were treated as continuous variables. We conducted subgroup analyses in which subjects were stratified by sex, age, education, income, BMI, MET, smoking, tea or alcohol consumption, use of calcium or multivitamin supplements, and osteoporosis treatment, respectively, and the interaction terms were examined simultaneously.
A two-sided P value of less than 0.05 was considered to be statistically significant. SPSS for Windows, version 19.0 by IBM (SPSS Inc., Chicago, Illinois, USA) was used for the analyses. Table 1 shows the characteristics of the participants. The 2083 women and 1009 men had mean ages of 59.7 and 62.3 years, respectively. The men had higher BMIs than the women and ate less FV. The median intake of total fruit, total vegetables, and FV combined were 141, 343, and 499 g/d for women and 109, 321, and 434 g/d for men, respectively. Approximately half of the fruit intake was from the group including apples, pears, peaches, pineapples, and plums, followed by citrus fruit and bananas (S1 Table) . Of the total vegetable intake, about 44% was dark-green vegetables, and 17% consisted of carrots, tomatoes, and peppers.
Results
Participant characteristics
Covariate-adjusted BMD by the FV tertiles
After adjustment for potential confounding factors, ANCOVA in Table 2 shows that statistically significant, dose-dependent positive relationships with BMD were found for total FV The data were presented as means ± standard deviation (SD), or medians and interquartile range (IQR) for the continuous variables, as appropriate. Categorical variables were presented as number (%).
BMI, body mass index; MET, metabolic equivalent for task. a Smokers are defined as having smoked !1 cigarette daily for at least 6 consecutive months.
intake and fruit intake. The mean BMD was higher in tertile 3 vs. tertile 1 by 1.33% (or 0.10 SD) and 1.31% (or 0.09 SD) for FV at the TH and FN, and 1.10% (or 0.11 SD), 1.57% (or 0.12 SD), and 2.05% (or 0.13 SD) for fruit at the WB, TH, and FN (all P-trends < 0.05), respectively. The favorable associations tended to be more pronounced in the unadjusted model by using ANOVA (S2 Table) . The results were largely similar to those of univariable analysis (ANOVA) after adjustment for the all other covariates as mentioned above except BMI (S3 Table) , but substantially attenuated after further adjusted for BMI (Table 2) . No significant association was observed between the intake of total vegetables or their subgroups and BMD at any of these sites (Tables 2 and 3 ). All fruit subgroups except persimmons, mangoes, durian and melon fruit showed significant positive associations with BMD at some sites (P trend: 0.001 to 0.047) ( Table 3 ).
Odds ratios of the occurrence of osteoporosis according to FV tertiles
Univariate logistic regression analysis showed a significant dose-dependent association between FV intake and the occurrence of osteoporosis (Table 4) , although the associations were slightly attenuated after further adjustment of the covariates. The odds ratios (95% confidence interval, CI) of osteoporosis for the highest (vs. bottom) tertile of total FV intake were 0.73 (0.58 to 0.92), 0.37 (0.22 to 0.60), and 0.71 (0.52 to 0.97) at the LS, TH, and FN, respectively, in the multivariate model (P trend: <0.001 to 0.031). The stratified analyses result
In the stratified analyses, the favorable association between FV intake and the occurrence of osteoporosis remained significant in subjects with BMI < 24.0 kg/m 2 (P < 0.05) but not in those who were overweight or obese (BMI! 24.0 kg/m 2 ; P > 0.5) (S4 Table) . No significant difference in the associations between other strata stratified by sex, age, education, income, MET, smoking, tea or alcohol consumption, use of calcium or multivitamin supplements, and osteoporosis treatment, was observed (P-interaction range: 0.153-0.997) (data not shown). : see Table 2 doi:10.1371/journal.pone.0168906.t003 Table 4 . Odds ratios (95% confidence interval) of osteoporosis for the tertiles of fruit and vegetables intake. 
Discussions
In this cross-sectional study of 3089 middle-aged and elderly Chinese subjects, we found that greater fruit intake and FV intake had dose-dependent associations with greater BMD and a lower risk of osteoporosis. However, we found no significant association between vegetable intake and BMD. A previous study reported that a decrease of 1 SD in the TH BMD was associated with an 85% increase in the total osteoporotic fracture risk (95% CI, 71% to 101%) [29] . According to this estimate, an increase of 0.0.097 SD in the BMD at the TH when the FV intake was increased from 349 to 685 g/d would result in an 8.3% decrease in the osteoporotic fracture risk in our population. These results suggest that greater FV intake may be beneficial for the prevention of osteoporosis. Several studies have focused on the role of FV in bone health. Most of these studies were observational and yielded weak favorable associations. Tuck et al. first reported the positive association of FV intake with BMD in the elderly in 1999 [30] . Favorable associations between FV intake and BMD were also observed for adult men and women in other observational studies [5] [6] [7] [8] [9] [10] . A previous study of 670 postmenopausal women from Hong Kong reported that a daily increase of 100 g in FV intake was associated with increases of 0.0062 g/cm 2 , 0.0098 g/ cm 2 , and 0.0060 g/cm 2 in BMD at the WB, LS, and TH, respectively [8] . The latest finding from a case-control study showed that greater FV intake had an inverse association with the risk of hip fracture (odds ratio for extreme quartiles, 0.25; 95% CI, 0.15 to 0.41) in elderly Chinese subjects [7] . Similar associations were found in the European Prospective Investigation into Cancer and nutrition study (EPIC) [9] , the Cohort of Swedish Men study (COSM), and the Swedish Mammography Cohort study (SMC) [5] . Our findings are consistent with those results and support the hypothesis that greater FV intake might be beneficial to bone health. However, null associations were also found in many other studies or subgroups, especially in cohort studies [30] [31] [32] and randomized controlled trials [12] [13] [14] . A cohort study (EPICNorfolk; 470 men and 474 women; mean follow-up time, 3 years) found no effect of FV, combined or separately, on the rate of BMD loss [32] . In the EPIC-Norfolk study, the bone loss rates were much lower than those found in other studies. The limited study size and large random error in the assessment of BMD changes or fracture incidence might also partially explain the inconsistent results. In addition, regression dilution is common in cohort studies when the exposure variable is measured only at baseline. To the best of our knowledge, only four randomized controlled trials (with less than 60 subjects in each group, intervention time: 12 weeks to 2 years) on FV intake and bone health (bone turnover markers) have been conducted, and three of them yielded a null effect [12] [13] [14] . The participants in two of these studies [13, 14] already had a higher FV intake at baseline (more than 3.5 servings of FV and more than 2 servings of fruit) than the general population, which makes detection of the effects of supplemental FV more difficult possibly due to the potential ceiling effect. Some large studies showed that the dose-response protective effects of FV on bone health were observed at the intakes below 3-5 servings/day, but no further benefits were found after 5 servings/day [5, 10] . Therefore, further large and long-term experimental studies in populations with habitual low FV intake are needed to address this issue.
The mechanisms by which bone health is improved by FV have not been thoroughly investigated. The acid-base hypothesis postulates that the acid load is in part buffered by bone tissue, leading to bone absorption and reduced bone density [33] . FV, as a good source of alkaline precursors (e.g., K, Ca, Mg), could neutralize the calciuric effects of acids derived from the diet, as demonstrated in a recent meta-analysis [3] . In addition, vitamin C, vitamin K, and phytochemicals highly enriched in FV are involved in the synthesis of bone matrix. Vitamin C might affect bone mass in the hydroxylation of lysine and proline, which are needed for the formation of stable collagen triple helixes [2] . Vitamin K may play a protective role against age-related bone loss via vitamin K-dependent γ-carboxylation of osteocalcin [2] . Antioxidative nutrients and phytochemicals, such as vitamin C, β-carotene, and other carotenoids found in FV, may improve bone health by scavenging oxygen radicals [34] . In addition, FV is the main source of dietary calcium.
Vegetables showed a weaker association with BMD or osteoporosis than fruit in this study and in previous studies [6, 35] , possibly because that vegetables are often consumed in cooked form in Chinese populations and the high intake of sodium with vegetables might accelerate calcium excretion [36] and offset the possible benefit of vegetables. Besides, vegetables were typically cooked by stir-frying, boiling, or steaming in China. This could lead to the substantial loss of water-soluble or heat-sensitive nutrients and phytochemicals and attenuate the association between vegetables and bone health [35] . Furthermore, recent cohort studies showed that in comparison to an intake of 1-3 servings/d (or 80 g/d-240 g/d) of vegetables, less than 1 servings/d (or 80 g/d) or zero intake of vegetables was associated with higher risk of hip fracture but higher intakes did not confer additional benefits [5, 10] . Our study subjects had a relatively high vegetable intake (>300 g/d on average) and <0.3% (8 subjects) of them consumed vegetables <80 g/d. It could be difficult to show a significant association between vegetable and bone health in this population.
In stratified analyses, we found that the association between osteoporosis and total FV intake did not vary by MET or several sociodemographic or behavioral factors, although the limited sample size in some strata makes the detection of correlations difficult. However, the favorable association was not observed in overweight or obese participants. A similar interaction was observed in the Singapore Chinese Health Study of 63,257 men and women, in which an apparent protective effect of total vegetables/carotenoids was seen for lean men (<20 kg/m 2 ) but not for their heavier counterparts [37] . A lower BMI has been associated with increased oxidative damage indexed by 8-hydroxy-2'-deoxyguanosine [38] . Subjects with a lower BMI may have higher oxidative stress in their bones that leads to worse bone health, and the antioxidant effects of FV may counteract this mechanism of osteoporosis (for example, the RANKL pathway) related to a low BMI [37] . In addition, heavier individuals had better bone mass, which might leave limited room for FV to show a benefit.
To the best of our knowledge, this is the first large study to explore the association of the intake of FV and subgroups with BMD and osteoporosis in a middle-aged and elderly population. The large study size and higher intake of FV provide greater power to detect a potential association. However, some limitations should be acknowledged. First, the cross-sectional design of the study did not allow inferring causality, although we used average values of dietary intake to better estimate the habitual consumption over the period before the BMD assessments among the follow-up subjects, attenuating the possibility of casual inversion in the majority of study participants. Second, the participants were not a nationally representative sample. The FV intake of 462 g/d in our participants was higher than the 427 g/d cited in the general population in Guangzhou in the 2002 Chinese National Nutritional Survey [39] . Subjects who have high FV intake tend to have healthier lifestyles. We could not fully avoid the possibility that the favorable FV-bone association might be caused by residual confounding although we carefully adjusted for a variety of potential confounders in this study. Furthermore, although the FFQ has been validated, misreporting (under-or over-reporting) of food intake is a common phenomenon in diet assessments [40] , which could cause inaccuracy and imprecision in the nutrient and food intake assessed. For this reason, subjects with unreasonably high or low dietary energy intake were excluded from our analyses, and energy adjustment may serve to mitigate some of this error.
